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1
SYSTEMS AND METHODS FOR HANDLING
WRITE DATA ACCESS REQUESTS IN DATA
STORAGE DEVICES

BACKGROUND

1. Technical Field

This disclosure relates to handling write data access
requests in data storage devices.

2. Description of Related Art

The performance of data storage systems such as solid-
state semiconductor memory-based storage devices often
depends on the efficiency of data access request handling.
Many solid-state semiconductor memory storage devices
such as NAND flash are increasingly being used in hybrid
hard disks where NAND flash is paired with magnetic media.
In many such applications, the controller needs to optimize
the handling of data access requests to fully take advantage of
the performance characteristics of each type of storage
medium (NAND flash and magnetic media).

BRIEF DESCRIPTION OF THE DRAWINGS

Systems and methods which embody the various features
of the invention will now be described with reference to the
following drawings, in which:

FIG. 1 illustrates an embodiment of a data storage device
according to an embodiment.

FIG. 2A illustrates a Multi-Level Cell (MLC) memory
being programmed in both ML.C and Single-Level Cell (SL.C)
modes according to an embodiment.

FIG. 2B illustrates a MLC memory being divided into
MLC and SL.C mode portions according to an embodiment.

FIG. 3 illustrates a process of handling deferred write
commands according to an embodiment.

DETAILED DESCRIPTION

While certain embodiments of the inventions are
described, these embodiments are presented by way of
example only, and are not intended to limit the scope of the
inventions. Indeed, the novel methods and systems described
herein may be embodied in a variety of other forms. Further-
more, various omissions, substitutions and changes in the
form of the methods and systems described herein may be
made without departing from the spirit of the inventions.
Overview

Embodiments of the invention are directed to systems and
methods for optimizing handling of data access requests. In
one embodiment, a data storage device including non-volatile
memory and magnetic media includes a controller that defers
writing data to the magnetic media by first writing to the
non-volatile memory and reporting to the host a write com-
plete status. However, in cases where the non-volatile
memory includes Multi-Level Cell (MLC) memory, if the
write data is to be written to an upper page of an ML.C cell, a
backup power source such as a capacitor may be needed to
avoid the paired page corruption problem. Embodiments of
the invention avoid the problem without the use of a backup
power source by writing deferred write data to a portion of the
MLC memory that is operating in Single-Level Cell (SLC)
mode, i.e., only the lower pages of the memory cells are
written.

Asused in this application, “non-volatile memory” (NVM)
typically refers to solid-state semiconductor memory such as
NAND flash. As such, while certain internal operations are
referred to which typically are associated with solid-state
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2

drives, such as “wear leveling” and “garbage collection,”
analogous operations for hard drives can also take advantage
of this disclosure. Solid-state memory may comprise a wide
variety of technologies, such as flash integrated circuits,
Chalcogenide RAM (C-RAM), Phase Change Memory (PC-
RAM or PRAM), Programmable Metallization Cell RAM
(PMC-RAM or PMCm), Ovonic Unified Memory (OUM),
Resistance RAM (RRAM), NOR memory, EEPROM, Ferro-
electric Memory (FeRAM), or other discrete NVM (non-
volatile memory) chips. The solid-state storage devices may
be physically divided into planes, blocks, pages, and sectors,
as is known in the art. Other forms of storage (e.g., battery
backed-up volatile DRAM or SRAM devices, magnetic disk
drives, etc.) may additionally or alternatively be used.
System Overview

Referring to FIG. 1, an embodiment of a data storage
device 120 is shown in communication with a host system
110. The host system 110 can send data access commands
through a variety of interfaces (e.g., storage interface 112) to
the data storage device 120. In FIG. 1, the data storage device
120 as shown is a hybrid hard disk drive in one embodiment,
which includes a controller 130, magnetic media 170, and a
non-volatile memory (NVM) storage module 150. The NVM
storage module 150 may in turn include one or more NVM
storage array 160 with a plurality of flash dies 162-168, for
example. The controller 130 may receive the data access
commands from the host system 110 and determine how to
fulfill those commands. Actions taken to fulfill those com-
mands may include memory accesses to the NVM storage
module 150 and/or magnetic media 170.

In one embodiment, the controller 130 fulfills many write
commands from the host system 110 by writing data from the
host system 110 to the magnetic media 170. However, the
controller 130 from time to time may execute a “deferred
write” operation in which data from the host system is written
to the NVM storage module 150, and a command completion
status is reported to the host system 110. This operation can be
completed faster than writing to the magnetic media 170,
especially when the magnetic media is spun down, and thus
can enhance the overall performance of the data storage
device 120 from the host system’s perspective. As the name
“deferred write” implies, the data written to the NVM storage
module 150 may be later written to the magnetic media 170.
Paired Page Corruption

If a portion of the NVM storage module is utilizing ML.C
NAND chips, this deferred write operation needs to be pro-
tected from failure through the use of a backup power source.
More specifically, the backup power source may be needed to
complete outstanding writes to the MLC memory to prevent
the so called “paired page corruption” problem. The problem
can be illustrated by the example MLL.C memory 200 shown in
FIG.2A. Cell 202, for example, is programmed in ML.C mode
and both the cell’s lower page (210) and upper page (212) are
programmed. Because of the physical properties of MLC
mode cell, its lower page must be programmed first, and then
its upper page is programmed afterward. As an example, cell
204 only has the lowered page programmed.

Because the process of programming the upper page
changes the cell’s voltage, the data previously programmed in
the lower page may be lost/corrupted if power is interrupted
during the programming of the upper page. In particular, in
order to program the upper page, the lower page needs to be
temporarily transitioned to another programmed value, and
then after the upper page is programmed, the lower page is
transitioned back to the original value. If this process is inter-
rupted, data in that the lower page, which could have been
programmed a long time ago, could be lost. A data integrity
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problem arises if that lower page contains data programmed
by a previous deferred write operation, which means that
there may not be a back-up copy already written to the mag-
netic media.

To prevent the paired page corruption problem discussed
above, the NVM storage module 150 may include a capacitor
as a backup power source that allows the completion of upper
page programming operations in ML.C memory in the event
of a power interruption. However, the introduction of a
capacitor power source may drive up production costs of the
overall data storage device 120. In addition, as many data
storage devices are being produced in small physical form
factors, there may not be enough room in the storage devices
to accommodate such capacitors.

Handling Deferred Write Commands

Thus, embodiments of the invention are directed at reduc-
ing the need of such a backup power source by selectively
programming certain MLC cells in the lower/lowest page
only, i.e., using the cells as SL.C cells or in an SL.C mode.
Writing to lower/lowest pages only avoids the problem
because if a deferred write operation to the lower/lowest page
ofan MLC cell is interrupted by a power loss event, a comple-
tion status is not returned to the host system.

In one embodiment, the controller 130 is configured to
perform the process 300 depicted in FIG. 3 in handling write
commands. The example process 300 begins at block 302,
where the controller determines whether a data access com-
mand is a write command. If not, the special handling process
terminates and the controller moves on to handle the com-
mand according to other programmed routines/processes.
Otherwise, if the incoming command is a write command, the
process 300 moves to block 304, where the controller deter-
mines whether the command is a candidate for deferred write.
This determination may hinge on a number of factors, includ-
ing: whether the write data is part of a random write or a
sequential write, whether the data is frequently accessed data,
whether the magnetic media is spun down, etc. For example,
a random write may be a good candidate for deferred write
because of the improved performance of NVM over magnetic
media in random writes. Likewise, copy of some frequently
read data (e.g., a certain LBA range) may be promoted from
the magnetic media to the NVM for faster access. Thus a new
command writing to such a LBA range may be a good can-
didate for a deferred write because the new data will be stored
in the NVM and immediately available for read accesses.

If it is determined that the write command is a good can-
didate for a deferred write, the process moves to block 306
where the controller checks to determine whether a deferred
write should be performed for this command. Block 306
provides a check against operating conditions that may pre-
vent the execution of a deferred write. For example, if the
NVM is close to the end of its remaining useful life, to
minimize the risk of data loss, the controller may elect to not
perform a deferred write to the NVM. In another example, a
portion of the NVM reserved for deferred write data may be
full or close to reaching its full capacity, in which case the
deferred write would not be executed. If these blocking con-
ditions are absent and the controller determines that the
deferred write should be executed, the controller moves onto
to block 310 and writes the deferred write data in SLC mode.
In any case, if deferred write is not performed, the write data
is written first to the magnetic media (disk) and then to the
NAND in MLC mode (block 308). After both operations are
completed, a complete status is reported to the host. In one
embodiment, a non-deferred write operation may write to the
magnetic media only.
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As discussed above, writing in SL.C mode utilizes the lower
pages of multiple-page cells. Therefore, a significant percent-
age (e.g., 50% in a two-bit MLC memory) of the memory
capacity is left un-used. Thus, embodiments of the invention
provide a trade-off between (1) reduced cost gained from the
elimination of the need for backup power (e.g., in the form of
capacitors) and (2) reduced NVM capacity. Thus, in one
embodiment, a portion of the NVM module is reserved for
this purpose, as shown in FIG. 2B, where NVM 220 is divided
into portions or arecas with at least one portion/area 222
reserved for deferred write in SLC mode. For example, in one
embodiment, 1 GB out of 16 GB of an NVM can be reserved
for this purpose. In one embodiment, the reserved amount
could be dynamically adjusted in operation to accommodate
the volume of deferred writes experienced by the data storage
device.

CONCLUSION

While certain embodiments of the inventions have been
described, these embodiments have been presented by way of
example only, and are not intended to limit the scope of the
inventions. Indeed, the novel methods and systems described
herein may be embodied in a variety of other forms. Further-
more, various omissions, substitutions and changes in the
form of the methods and systems described herein may be
made without departing from the spirit of the inventions. The
accompanying claims and their equivalents are intended to
cover such forms or modifications as would fall within the
scope and spirit of the inventions. For example, those skilled
in the art will appreciate that in various embodiments, the
actual steps taken in the processes shown in FIG. 3 may differ
from those shown in the figures. Depending on the embodi-
ment, certain of the steps described in the example above may
be removed, others may be added, and the sequence of steps
may be altered and/or performed in parallel. Also, the features
and attributes of the specific embodiments disclosed above
may be combined in different ways to form additional
embodiments, all of which fall within the scope of the present
disclosure. Although the present disclosure provides certain
preferred embodiments and applications, other embodiments
that are apparent to those of ordinary skill in the art, including
embodiments which do not provide all of the features and
advantages set forth herein, are also within the scope of this
disclosure. Accordingly, the scope of the present disclosure is
intended to be defined only by reference to the appended
claims.

What is claimed is:

1. A method of writing data in a data storage device com-
prising magnetic media and solid-state semiconductor
memory with a plurality of multi-level cells, the method
comprising:

reserving a portion of the plurality of multi-level cells as a

reserved portion to be operated in a single-level cell

mode, the reserved portion comprising one or more

multi-level cells of the plurality of multi-level cells;
receiving a write command with write data;

determining whether the write command is a candidate for

a deferred write operation in which the write data is to be
first written to the solid-state semiconductor memory
and subsequently written to the magnetic media, the
determination based at least in part on (i) a frequency of
reading a logical address associated with the write com-
mand, and (ii) a spin state of the magnetic media;

in response to determining that the write command is a

candidate for the deferred write operation, causing the
write data to be first written in one or more multi-level



US 9,348,741 B1

5

cells of the reserved portion operating in the single-level
cell mode and causing the write data written in the
reserved portion operating in the single-level cell mode
to be subsequently written to the magnetic media; and

adjusting a size of the reserved portion operating in the
single-level cell mode based on a number of write com-
mands determined to be candidates for the deferred
write operation with write data to be written in the
reserved portion, wherein the adjusted size of the
reserved portion is selected to accommodate the write
data associated with the number of write commands in
the reserved portion.

2. The method of claim 1, wherein the determination is
further based at least in part on one or more of:

whether the solid-state semiconductor memory is near the

end of its useful life; or

whether an area of the solid-state semiconductor memory

reserved for deferred write operations is full.

3. The method of claim 1, wherein the determination is
further based at least in part on whether the write data should
be first written to the solid-state semiconductor memory
before being written to the magnetic media.

4. The method of claim 1, wherein the size of the reserved
portion is dynamically adjusted based on the number of
deferred write operations while the data storage device is in
operation.

5. A data storage device comprising:

magnetic media;

solid-state semiconductor memory with a plurality of

multi-level cells; and

a controller configured to:

reserve a portion of the plurality of multi-level cells as a
reserved portion to be operated in a single-level cell
mode, the reserved portion comprising one or more
multi-level cells of the plurality of multi-level cells;

receive a write command with write data;

determine whether the write command is a candidate for
a deferred write operation in which the write data is to
be first written to the solid-state semiconductor
memory and subsequently written to the magnetic
media, the determination based at least in part on (i)
metadata associated with the write command, and (ii)
a spin state of the magnetic media;

in response to determining that the write command is a
candidate for the deferred write operation, cause the
write data to be written in one or more multi-level
cells of the reserved portion operating in the single-
level cell mode and cause the write data written in the
reserved portion operating in the single-level cell
mode to be subsequently written to the magnetic
media; and

adjust a size of the reserved portion operating in the
single-level cell mode based on a number of write
commands determined to be candidates for the
deferred write operation with write data to be written
in the reserved portion, wherein the adjusted size of
the reserved portion is selected to accommodate the
write data associated with the number of write com-
mands in the reserved portion.

6. The data storage device of claim 5, wherein the deter-
mination is further based at least in part on one or more of:

whether the solid-state semiconductor memory is near the

end of its useful life;

whether the write data is frequently accessed; or

whether an area of the solid-state semiconductor memory

reserved for deferred write operations is full.
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7. The data storage device of claim 5, wherein the deter-
mination is further based at least in part on whether the write
data should be first written to the solid-state semiconductor
memory before being written to the magnetic media.

8. The data storage device of claim 5, wherein the size of
the reserved portion is dynamically adjusted based on the
number of deferred write operations while the data storage
device is in operation.

9. The data storage device of claim 5, wherein the metadata
identifies one or more of the following:

whether the write command is associated with a random

write;

whether the write command is associated with a sequential

write; or

a frequency of access of the write data.

10. A method of writing data in a data storage device
comprising magnetic media and solid-state semiconductor
memory with a plurality of multi-level cells, the method
comprising:

reserving a portion of the plurality of multi-level cells as a

reserved portion to be operated in a single-level cell

mode, the reserved portion comprising one or more

multi-level cells of the plurality of multi-level cells;
receiving a write command with write data;

determining whether the write command is a candidate for

a deferred write operation based at least in part on a spin
state of the magnetic media;
in response to determining that the write command is a
candidate for the deferred write operation, causing the
write data to be written in one or more multi-level cells
of the reserved portion operating in the single-level cell
mode and causing the write data written in the reserved
portion operating in the single-level cell mode to be
subsequently written to the magnetic media; and

adjusting a size of the reserved portion operating in the
single-level cell mode based on a number of write com-
mands determined to be candidates for the deferred
write operation with write data to be written in the
reserved portion, wherein the adjusted size of the
reserved portion is selected to accommodate the write
data associated with the number of write commands in
the reserved portion,

wherein the deferred write operation comprises:

writing the write data to the solid-state semiconductor
memory; and

subsequently writing the write data to the magnetic
media.

11. The method of claim 10, wherein the determination is
further based at least in part on one or more of:

whether the solid-state semiconductor memory is near the

end of its useful life;

whether the write data is frequently accessed; or

whether an area of the solid-state semiconductor memory

reserved for deferred write operations is full.

12. The method of claim 10, wherein the determination is
based at least in part on whether the write data should be first
written to the solid-state semiconductor memory before being
written to the magnetic media.

13. The method of claim 10, wherein the size of the
reserved portion is dynamically adjusted while the data stor-
age device is in operation.

14. The data storage device of claim 5, wherein the con-
troller is configured to perform the determination based at
least in part on a frequency of reading a logical address
associated with the write command.
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15. The method of claim 10, wherein the determining is
performed based at least in part on a frequency of reading a
logical address associated with the write command.
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